
JOURNAL OF BACTERIOLOGY, Jan. 1971, p. 384-395 Vol. 105. No.
Copyright 1971 American Society for Microbiology Printed in U.S.A.

Fine Structure and Isolation of the Hook-Basal
Body Complex of Flagella from Escherichia

coli and Bacillus subtilis
M. L. DEPAMPHILIS AND JULIUS ADLER

Department of Biochemistry and Department of Genetics, University of Wisconsin,
Madison, Wisconsin 53706

Received for publication 23 October 1970

The hook-basal body complex comprising the basal end of purified intact flagella
from Escherichia coli and Bacillus subtilis was studied in detail with an electron
microscope. The E. coli hook can be described as having five or six concentric heli-
cal coils. The basal body from E. coli is 27 nm in length and consists of four rings,
22.5 nm in diameter, arranged in two pairs and mounted on a rod. The top pair of
rings is connected near their periphery, resembling a closed cylinder. In B. subtilis
the basal body looks like that from E. coli, except that the top pair of rings is miss-
ing. Hook-basal body complexes from both organisms could be isolated by disso-
ciating the filaments with either urea or acid. Based on our results, two types of ba-
sal body structures are proposed, as exemplified by E. coli and B. subtilis, which
directly reflect the structure of the gram-negative and gram-positive cell envelopes.

Attempts to describe the structure of the base
of the bacterial flagellum have been inadequate.
Electron microscopy of sectioned cells [Spirillum
(24), Proteus (33), and Vibrio (14, 28, 31)] or of
partially degraded cells, including the flagella re-
leased from them [Proteus (2, 15), Bacillus (4),
Vibrio (26, 30, 31), Ectothiorhodospira (27)],
demonstrated that the basal body is a 15- to 50-
nm structure closely associated with the cell en-
velope. In certain photographs, some details of
the basal body structure are indicated (2, 4, 15,
31). However, the reported shapes and dimen-
sions of the basal body vary widely both within
and between the genera. The variation in these
data is probably due to the presence of cell wall
and membrane fragments which either mask the
structure or form artifacts with it, as well as from
real generic differences.
Compared to the work cited above, the study

of Cohen-Bazire and London on three species
of Rhodospirillum (8) shows greater detail in
the basal body structure. However, their flagella
preparation also contained cell wall and mem-
brane fragments. In addition, the enzyme they
used for lysing the cells is a nonspecific protease
(12) and therefore could have altered the appear-
ance of the basal body.

In our opinion, the resulting confusion about
the structure of the basal body can be resolved by
anwering the following two questions: (i) What is
the detailed structure of the basal body of flagella

that were first purified? (ii) What are the details
of the relationship between the basal body and the
cell envelope?
The preceding paper (9) describes a procedure

for the purification of bacterial flagella in the
form of a filament-hook-basal body complex ("in-
tact flagella") free of detectable cell wall, mem-
brane, or cytoplasmic material. Using such puri-
fied intact flagella from Escherichia coli and
Bacillus subtilis, we describe in this paper the
structure of the hook and basal body in detail. In
the following paper (10) we identify specific inter-
actions that exist between the cell envelope and
the basal body, as well as artifacts which can oc-
cur when bacteria are lysed.

MATERIALS AND METHODS
Preparation of flagella. The data presented in this

paper were obtained from intact flagella purified from
E. coli K-12 or B. subtilis M 168 as described in the pre-
ceding paper (9).

Electron microscopy. Uniform negative staining was
consistently obtained by using a copper grid with a
Formvar membrane on one side and a carbon film on
the other. The Formvar side was cleaned by dipping it
onto the surface of petroleum ether for 5 sec, and the
excess was drawn off with filter paper. This removes
hydrocarbons which were adsorbed in the vacuum evap-
orator. A drop of the sample was then placed on the
clean Formvar surface. After 1 to 5 min the grid was
inverted onto the surface of 20% aqueous Formalin for
30 sec, and then onto deionized water for 15 sec. Excess
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water was removed with filter paper and a drop of ei-
ther 1% uranyl acetate, pH 4.5, or 1% phosphotung-
state, pH 7.2, was placed on the grid. The excess stain
was immediately removed and the grid allowed to dry
in air. When an increase in stain penetration was de-
sired, the stain was allowed to remain for 10 to 45 sec
before drawing off the excess. Once the sample had
been applied, the surface of the Formvar grid was not
allowed to dry until the end of the procedure, otherwise
poor staining and artifacts sometimes resulted.

The specimens were observed in a Siemens Elmiskop
I electron microscope operated at an accelerating volt-
age of 80 kv with a double condensor lens using a 200-
,um condensor aperture and a 50-Mm thin metal ob-
jective aperture. A liquid nitrogen decontamination
device was routinely used. Magnification was calibrated
with a carbon grating replica of 2,160 lines/mm. The
replica and samples were photographed under the same
conditions without readjusting the microscope at mag-
nifications of 40,000 or 80,000x.

Quantitative data were collected from 4 to 7x en-
largements of the negative. The average of measure-
ments on 6 to 20 different specimens was reported. Data
were collected only when the component to be measured
was clearly defined in the electron micrograph.

Analysis of rotational symmetry. The method used
for analysis of rotational symmetry was that of Mark-
ham et al. (23). Images of basal rings were enlarged 11
times onto photographic paper mounted on a turntable.
The exposure time (t) was determined. The paper was
then rotated 360°/n and exposed for t/n sec where n is
an integral number. This was continued for n exposures.
If n is a fundamental periodicity in the specimen, this
periodicity will appear to be reinforced. Artifacts can
be tested for by examining many values of n.

RESULTS
Flagella from E. coli. Purified intact flagella

from E. coli (9) have three major parts: the fila-
ment, the hook, and the basal body (Fig. 1). The
following data deal with the structural details of
this assembly with emphasis on the hook and ba-
sal body. Figure 25 is our interpretation of the
structure of the base of the E. coli flagellum. The
reader will find this model useful when examining
the data.

Filament. The filaments from E. coli flagella
are 13.5 0.5 nm in diameter. Their average
length is about 5 ,m. The structural details of
flagellar filaments were studied and discussed by
Lowy and Hanson (22).
Hook. Most of the filaments had a slightly

wider (17 i 0.8 nm) hook-shaped structure at
one end (Fig. I and various later figures). As pre-
viously observed (21), the connection between the
hook and the filament often appeared to have a
slightly narrowed region (Fig. IA, 1B), and the
structural design of the hook could usually be
distinguished from the filament when negatively
stained with uranyl acetate. The hook is 45 4 2
nm long.

Electron microscopic images of negatively

stained materials such as viruses and flagella have
been shown to be ordinarily composed of the su-
perimposed images of the top and bottom sur-
faces (16, 20, 22). The result is often a complex
hazy pattern that appears disordered as a result
of the out-of-register contributions from the two
images. In addition, the contributions from each
side of the particle can vary from a predomi-
nantly one-sided image to equivalent contributions
from both sides.

Examination of some hooks from E. coli (Fig.
3, 4, and 6) and other genera (2, 21) from this
point of view suggests a structure made of several
helical coils. A model of a hook made of five coils
(Fig. 2) shows that, if only the image of one side
were seen, it would consist of parallel lines oblique
to the axis of the hook. If the images of the top
and bottom were seen superimposed, a cross-
hatched appearance would result. In this case the
model shows that the number of coils that make
up the hook is equal to one more than the num-
ber of times per one-half turn a helix appears to
overlap the other helices. The hooks in Fig. 3 ap-
pear to be a view of one side, and that in Fig. 4
clearly shows the cross-hatched pattern expected
from a view of two sides superimposed. We esti-
mate that the hook is composed of five or six hel-
ical coils.

Basal body. The hooks had a basal body at-
tached (Fig. I and various later figures) which
consisted of five primary components: a rod and
four rings. To facilitate discussion of the basal
body, we wish to introduce a nomenclature for
the rings based on the basal body's relationship
to the cell envelope. The details of this relation-
ship are the subject of the following paper (10).
From "top" to "bottom" (Fig. 25), the individual
rings will be referred to as the L ring [for its at-
tachment to the outer (lipopolysaccharide) mem-
brane of the cell wall], the P ring (for its associa-
tion with the peptidoglycan layer of the cell wall),
the S ring (for "supramembrane," since it is lo-
cated just above the cytoplasmic membrane), and
the M ring (for its attachment to the cytoplasmic
membrane).
The two rings proximal to the hook (the "top

rings") were 22.5 1 nm in diameter and spaced
9 0.5 nm apart. These were connected via the
rod to two similar rings distal to the hook (the
"bottom rings"), 22.5 I nm in diameter and
3 i 0.3 nm apart. The gap between the top and
bottom rings was 12 + 0.6 nm. The gap between
the hook and the top ring was about 3 nm, mak-
ing the rod approximately 27 nm in length.

Penetration of the stain between the top rings
was always significantly less than its penetration
into the gap between the top and bottom rings
(Fig. IE and IF and various later figures) or its
penetration between the bottom rings (Fig. IF),
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FIG. 1. Basal end of intact flagellum from Escherichia coli. A, Both the top and bottom edges of the L and P
rings are seen, giving a circular appearance to the rings. Arrow marks the junction between the hook and the fila-
ment. Uranyl acetate; x485,000. The bar in this and subsequent figures represents 30 nm. B, Top edge of the S
ring and the top and bottom edges of the M ring can be seen giving a circular appearance. Arrow marks the junc-
tion between the hook andfilament. Uranyl acetate; x445,000. C, L, P, and M rings appear about twice as thick as
in A, probably because the top and bottom edges of each ring are not resolved. Arrow marks the junction between
the hook and the filament. Uranyl acetate; x410,000. D, The L ring appears extended in D and E probably be-
cause a fragment of the outer membrane remained attached (10). Uranyl acetate; x395,000. E, Stain has not pene-
trated the top rings. R marks the rod connecting the top and bottom rings. Uranyl acetate; x5OO,000. F, Stain has
not penetrated the top rings. R marks the rod connecting top and bottom rings. Detached ring has associated with
the bottom rings. Phosphotungstic acid; x395,000.
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even though the bottom rings are closer together
than the top rings. This fact, together with evi-
dence presented below, suggests the existence of
a structure connecting the top rings near their
periphery to form a cylinder (see Fig. 25).
The thickness of individual rings is seen to vary

from 1.5 i 0.2 nm (Fig. IA, B) to two or three
times that value (Fig. IC, D, E). In some cases
(Fig. IC, D, E), the M ring appears thicker than
the S ring; in other cases (Fig. IA and IB), these
two rings appear equally thick. These apparent
inconsistencies can be explained by viewing the
electron micrographs as composed of superim-
posed images of the top and bottom surfaces of a
basal body. Since the basal body is larger in di-
ameter than the hook or filament, one would ex-
pect it to be somewhat tilted when lying on the
surface of a grid. In addition, some rings may be-
come "bent" as the sample is dried. Therefore,
the view of the basal body is oblique. This means
that the bottom edge of a ring appears adjacent
to the top edge whenever the two edges are re-
solved (L, P, and M rings in Fig. IA; M ring in
Fig. I B). When the two edges are not resolved,
the ring appears thicker. In the case of the bot-
tom rings, the lower edge of the S ring is hidden
by the M ring, and therefore the S ring sometimes
appears thinner than the M ring. Although the
above interpretation of our data is difficult to
prove correct in every detail, it does lead to a
model (Fig. 25) which is consistent with all of our
results.
Damaged structures. Examination of damaged

parts was very useful in establishing the structure
of the base of the flagellum. Damage was brought
about by centrifuging intact flagella, or collecting
them on a Gelman filter, and then abruptly re-
suspending them. Isolated basal bodies (Fig. 5),
hooks (Fig. 6), and filament-hook complexes (Fig.
7) were found. Part of the rod extends above the
L ring in Fig. 5; this can also be seen in Fig. 9,
where the basal body is still attached. In some
cases, it appeared that part of the rod remained
on the hook after the other components of the ba-
sal body were gone (Fig. 8). This part of the rod
evidently mounted the top rings (Fig. 10) and ex-
tended only as far as the P ring. That a part of
the rod goes through the top rings is evident in
Fig. 11. In some cases, the rod had its full length
but the bottom rings were missing (Fig. 12). In a
damaged basal body with the bottom rings miss-
ing (Fig. 17), part of the rod was seen and it ap-
peared that the stain had entered the end, sug-
gesting the rod is hollow.
No examples were found with only one top ring,

but basal bodies were found that apparently had
only one bottom ring (Fig. 13). The missing ring
appeared to be the M ring. Specimens where the

c.)

FIG. 2. Model ofthe surface structure ofa hook based
on data from Escherichia coli showing a view of one
side, and a view of both sides superimposed. It is not
known what structure, if any, occupies the center of the
hook.

FIG. 3. Flagellar basal ends from Escherichia coli
after treatment of intact flagella with 4.0 M urea. Note
similarity between the appearance of the hooks and the
image ofone side in the model in Fig. 2. Uranyl acetate;
x490,000.

FIG. 4. Same as material in Fig. 3. Note the cross-
hatched image of the hook (H) as in the left halfof Fig.
2. Uranyl acetate; x490,000.

M ring appeared broken and in the process of
coming off supported this conclusion (Fig. 14).
The fact that the M ring can come off indicates
that there is no connection between the bottom
rings, unlike the case of the top rings. This is
supported by the fact that stain readily penetrates
between the bottom rings but not between the top
rings.

Isolated rings were found (Fig. IF, 15, 17),
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FIG. 5. Escherichia coli flagellar basal body detached from hook. Part of rod connecting to the hook is visible
(arrow). Uranyl acetate; x395,000.

FIG. 6. Isolated hook found in a preparation of intactflagella from Escherichia coli. Note the coiled appearance.
Uranyl acetate; x 765,000.

FIG. 7. Escherichia coli filament-hook complex after the basal body has broken off. Uranyl acetate; x445,000.
FIG. 8. Flagellar endfrom Escherichia coli with part ofrod (R) remaining. Uranyl acetate; x290,000.
FIG. 9. Basal end of Escherichia coli flagellum showing part of the rod extending above the L ring. Uranyl ace-

tate; x490,000.
FIG. 10. Flagellar end from Escherichia coli with only L and P rings of the basal body still attached. Uranyl

acetate; x300,OOO.
FIG. 1 1. Basal end of an intact flagellum from Escherichia coli with rod visible between L and P rings. Note the

similar lack of stain penetration where two filaments cross. Phosphotungstic acid; x520,000. The stain was allowed
to remain for 1.5 min instead of the usual 10 to 45 sec, to achieve greater penetration of the stain into the area be-
tween the top two rings.
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FIG. 12. Flagellar end from Escherichia coli with only L and P rings attached and rod visible below the rings. S
and M rings are missing. Uranyl acetate; x475,000.

FIG. 13. Basal end of Escherichia coliflagellum. What might appear to be an M ring is considered to be the bot-
tom edge of the S ring, since it is a hazy image compared to the sharp, dense images of the top edges of the L, P,
and S rings. The M ring is missing. Arrow marks junction between hook andfilament. Uranyl acetate; x505,000.

22.5 4 1 nm in diameter, which had evidently
broken off from basal bodies. Some of the isolated
rings appeared to have empty centers (Fig. 1F,
15A) 10 i 0.4 nm in diameter, and some con-
tained a core (Fig. 15D, 17), 7 ± 0.4 nm in di-
ameter, which did not completely fill the opening.
In Fig. 17 the core seen in the detached ring had
the same diameter as the rod and was evidently
part of a rod. Some of the detached rings were
associated with the rings of basal bodies (Fig.
IF, 17). This aggregation phenomenon was
characteristic of basal bodies.

Rotational symmetry analysis (25) was per-
formed on several isolated rings. Patterns were
produced for n = 4 to n = 20, with the result that
the maximum reinforcement was obtained at n =
16, suggesting that the rings are composed of 16
subunits. The best example of this analysis is
shown in Fig. 16. Limitations of this method have
been discussed (13).

Isolation of the hook-basal body complex from
intact flagella. Conditions were sought for disso-
ciating the filament without affecting the hook-
basal body complex. Flagella filaments are known
to dissociate under various conditions (such as
low pH or heat) in which the hooks are relatively
stable (3). Viscometry measurements (for method
see reference 1) showed that purified sheared
flagella (9) from E. coli were completely dissoci-
ated at 30 C after 30 min in either 4.5 M urea-
0.05 M KCI or pH 3.4, or at 55 C for 10 min in
0.05 M KCI.

Samples of purified intact flagella in Tris-
EDTA buffer (9) were collected on Gelman cellu-
lose acetate filters with a diameter of 13 mm and
a pore size of 100 nm. The buffer was washed
through with 0.05 M KCI. The filter was im-
mersed for 30 min at 26 C in 4 or 5 M urea-0.05

M KCI, or in either 0.04 M phthalate or 0.04 M
glycine titrated to pH 3.4 with HCI. These treat-
ments dissociate the filaments and elute the re-
sulting hook-basal body complexes. Figures 3 and
18 show isolated hook-basal body complexes af-
ter treatment in 4.0 M urea. The basal bodies ap-
pear undamaged. The hooks average 52 i 6.5
nm in length, but some are as long as 92 nm,
indicating that some filament remained. After
treatment in 5.0 M urea, the filaments were com-
pletely dissolved with no apparent effect on the
hook-basal body complex. The hooks were 52
3 nm in length. A result similar to that at 5.0 M
urea was found when flagella were treated at pH
3.4 (Fig. 19): the hooks were 47 ± 2.2 nm in
length. Similar results were obtained by treatment
at 55 C for 10 min.
The basal bodies tended to aggregate, and this

resulted from association between the rings (Fig.
18 and 19). Hooks without basal bodies showed
no tendency to aggregate.
To degrade the hook-basal body complex, fla-

gella were exposed for 30 min at 26 C to 0.05 M
KCI titrated to pH 2.8 with HC1. Under these
conditions the hooks and rods dissolved, and only
rings (Fig. 20) and hollow rectangular structures
(Fig. 21) were observed. The center of the rings
was either hollow or contained a core. The core
may be an artifact resulting from the presence of
flagellin, or may represent a specialized part of
the rod. The rectangular structures had the di-
mensions and appearance of the top rings if coii-
nected near their periphery.

Flagella from E. coli mutants. Examination of
purified intact flagella from paralyzed mutants
representing each of the three known groups (5)
and nonchemotactic mutants representing each of
the three known genes (6) revealed no gross ab-
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(1$) n=O n=15 n=16 n=17 n=18
FIG. 14. Flagellar basal body from Escherichia coli with M ring broken and partially detached (arrow). Phos-

photungstic acid; x395,000.
FIG. 15. Detached rings found after damaging intact flagella from Escherichia coli. Uranyl acetate. A,

x520,000; B, x670,O00; C, x620,0OO; D, x520,O0O.
FIG. 16. Rotational symmetry analysis of Fig. 1SA; x890,000. Under-focused picture was used.

normalities, i.e., there were a filament, hook, and
basal body with four rings which appeared nor-
mally spaced. However, no detailed studies were
made comparable to those for the wild-type
parent reported in this paper.

Flagella from B. subtilis. The work of Abram
et al. (4) suggested to us that the basal bodies
of Bacillus species may have different structures
from those of E. coli. Our studies of purified in-
tact flagella from B. subtilis show a basal struc-
ture consisting of a hook and a rod with only two
rings (Fig. 22). The rings are 21 ± 1 nm wide and
3.5 4i 0.3 nm apart and are mounted on a rod
8 i 1 nm in diameter. The distance from the hook
to the bottom ring was difficult to determine ac-
curately, but it appeared to be 18.5 i 2 nm. In
Fig. 23 the rings are missing but the rod is pres-
ent.

Hook-basal body complexes could be isolated
by dissolving the filaments at pH 3.2 (Fig. 24).
The length of the isolated complex was 93 a 5
nm; thus the hook is approximately 75 nm long.

Interactions between the basal bodies were less
frequently seen than with E. coli, but when they
did occur the associations were again between the
rings.

DISCUSSION

Figure 25 shows a scale model of the base of
the flagellum consistent with the data presented
for E. coli. The relationship of the major compo-
nents, the hook, the top and bottom rings, and
the rod, are clearly evident from the data. Some
type of attachment between the rings and the rod
is required because of the difference between the
diameter of the rod and the inside diameter of the
rings. The structure and number of attachments
shown in the model, however, are hypothetical.
The presence of a structure connecting the L and
P rings near their periphery is suggested by the
lack of stain penetration in this area and by the
existence of structures, after the rod was dissolved
at pH 2.8, having the appearance and dimensions
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expected if the top rings were connected. The sur-
face structure of the hook appears to consist of a
set of helices as seen in Fig. 2.
The basal body from B. subtilis looks like that

from E. coli except that it lacks a pair of rings.
The two rings found on the B. subtilis basal body
are homologous to the bottom rings described for
E. coli on the basis of their position at the bottom
of the rod and their close proximity to each other.
In addition, the following paper (10) will show
evidence that the bottom ring (ring M) of the ba-
sal bodies of both organisms is the only ring at-
tached to the cytoplasmic membrane.
A critical question is whether a vital compo-

nent was lost when the "intact" flagellum was iso-
lated. Until the flagellum can function in an in
vitro system, one cannot prove it was prepared
in its complete form. Therefore the possibility re-
mains that a fragile or unattached component
of the flagellar base is missing in our prepara-
tions.
The proposed structure of the basal end of the

flagellum of E. coli and B. subtilis does not ap-
pear to contain artifacts for the following reasons.
First, the same structure was identified for E.
coli in lysates from both lysozyme- and penicillin-
spheroplasts, whether lysed either with Triton
X-100 or by osmotic shock. The structure ap-
peared the same when stained with uranyl ace-
tate, phosphotungstate, or ammonium molybdate.
Secondly, the hook-basal body complex did not
change its appearance or dimensions when iso-
lated by dissociation of the filament with urea,
low pH, or heat, thereby demonstrating its struc-
tural stability. Finally, as mentioned next, the
identification of this structure in other organisms
studied with different techniques strongly sup-
ports its validity.
The structural model of the basal end of the

flagellum described for E. coli is apparently a
general structure found in flagellated bacteria that
have cell envelopes comparable in structure to
that of E. coli. Photographs of basal bodies on
flagella from Rhodospirillum (8) and on axial
filaments from Leptospira (25) show structures
strikingly similar to E. coli. Data from Proteus
(2, 15, 33), Ectothiorhodospira (27), and Vibrio
(31) suggest the same structure. Thin sections
through these organisms show a cell wall struc-
ture very similar to E. coli (7, 11, 19, 25, 27, 29,
31, 32). The basal body from B. subtilis lacks the
top set of rings found on the E. coli basal body.
The data of Abram et al. (4) on five other strains
of Bacillus appear consistent with this descrip-
tion. These top rings specifically interact with the
complex multilayered ( 11) cell wall of E. coli (10),
and it appears that they are not needed for the
dense, single-layered (32) wall of B. subtilis.
Therefore, we suggest that the structure of the

FIG. 17. Flagellar basal end from Escherichia coli
missing the bottom rings. The rod is visible (R) and a
detached ring containing a core is associated with the
top rings of the basal body. Note the cross-hatched ap-
pearance of the hook. The junction between the hook
and the filament is marked by arrow. Uranyl acetate;
x 710,000.

basal body directly reflects the structure of the
cell envelope and expect two major classes of bac-
terial basal bodies as exemplified by E. coli for
gram-negative bacteria and B. subtilis for gram-
positive bacteria.
The complexity of the basal end of the fla-

gellum may explain the results of genetic analyses
of flagella synthesis. In Salmonella, mutations in
10 genes, besides the gene for flagellin synthesis,
have been recognized as being responsible for the
nonflagellated phenotype (17, 18). The hook-ba-
sal body complex may account for as many as
eight structural genes.
The fact that paralyzed and nonchemotactic

mutants showed no gross morphological differ-
ences from their wild-type parent is not surpris-
ing. Major defects in the basal body, such as loss
of a ring, would more likely result in absence of
flagella. However, these mutants might still be
defective in the basal end.

The methods and results presented in this and
the preceding paper will permit a chemical and
physical characterization of the hook-basal body
complex. Such a study would enable a detailed
comparison to be made of the base of the flagel-
lum of paralyzed and nonchemotactic mutants
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FIG. 18. Hook-basal body complexes found after treatment of intact flagella from Escherichia coli with 4.0 M
urea. Uranyl acetate; x 160,000.
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FIG. 19. Hook-basal body complexes found after treatment of intact flagella from Escherichia coli at pH 3.4.
Uranyl acetate; x 150,000.

FIG. 20. Material seen after treatment of intact flagella from Escherichia coli at pH 2.7. Note rings with and
without a central core. Uranyl acetate; x310,000.

FIG. 21. Same preparation as Fig. 20. Note rectangular structures that appear to be side views of the top rings
still attached to each other. Uranyl acetate; x310,000.
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FIG. 22. Basal ends of intact flagella from Bacillus subtilis. A, x380,000; uranyl acetate; B, x380,000; uranyl
acetate, C,junction between hook andfilament is visible (arrow); phosphotungstic acid; x330,000.

FIG. 23. Basal end of intact flagellum from Bacillus subtilis without its rings. Rod is visible (R). Uranyl acetate;
x256,000.

FIG. 24. Hook-basal body complexes after treatment of Bacillus subtilis intact flagella at pH 3.2. Uranyl ace-
tate; 180,000.
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FIG. 25. Model of the basal end of a flagellum from
Escherichia coli. Dimensions are expressed in nanome-

ters.

with their wild-type parents in an effort to under-
stand the mechanism of motility and chemotaxis.
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